release from litter high in initial N. The TNET was at least 50% faster for most leaf litters decomposed in temperate deciduous forests when compared to coniferous forests and humid grasslands, all with similar CDIs (Table 1 ). Within a given CDI level, other factors such as edaphic conditions or decomposer communities may contribute to the differences observed (29, 30) . At the highest leaf litter N concentrations, all biomes experienced net N release during the first year of decomposition.
Root litter N followed a linear pattern with mass remaining (Fig. 3 ) and could best be described by two equations. The first was for D. glauca roots, which demonstrated a small amount of net N immobilization early in decomposition for a range of sites, possibly due to slightly higher concentrations of nonpolar extractives and slightly lower acid extractable carbohydrates concentrations than the other species (table S2) . The second equation described net N release for the pine and grass roots that did not immobilize N during decomposition. A comparison of litter N dynamics during decomposition of pine and grass roots with leaf litter of similar initial N concentration (Figs. 2 and 3) showed that N was released from roots much more rapidly than from leaf litter. Roots released N as soon as litter decomposition was initiated (C:N ratio > 50). Microbial decomposers in the soil may have greater access to moisture, organic matter, and mineral N than microbes involved in leaf litter decomposition at the soil surface, which would facilitate net N release during decomposition (31) . Similar patterns in net N release in roots have been described for native root litter decomposed in situ in grasslands (32) , temperate broadleaf forests (33) , temperate conifer forests (34) , and moist and humid tropical forests (35, 36) .
Our data show that the initial N concentration of leaf litter is a dominant driver of net N immobilization and release during long-term litter decomposition at a global scale. This occurs regardless of climate, other litter chemical properties, edaphic conditions, or soil microbial communities. Our data also show that N can be released early in decomposition from high-quality litters in environments that support low decomposition rates. The time required to initiate net N release was predicted from the initial N of the litter and the CDI across biomes, but required more site information within a given CDI. Roots generally lost N linearly with mass loss during decomposition. Because N release during decay plays a fundamental role in net ecosystem production, improved understanding of the controls on net N release during decomposition is likely to greatly improve our ability to predict terrestrial C dynamics at global and regional scales. Plate tectonics is based on the concept of rigid lithosphere plates sliding on a mechanically weak asthenosphere. Many models assume that the weakness of the asthenosphere is related to the presence of small amounts of hydrous melts. However, the mechanism that may cause melting in the asthenosphere is not well understood. We show that the asthenosphere coincides with a zone where the water solubility in mantle minerals has a pronounced minimum. The minimum is due to a sharp decrease of water solubility in aluminous orthopyroxene with depth, whereas the water solubility in olivine continuously increases with pressure. Melting in the asthenosphere may therefore be related not to volatile enrichment but to a minimum in water solubility, which causes excess water to form a hydrous silicate melt.
E
arth's asthenosphere is often assumed to roughly coincide with the low-velocity zone, a layer of reduced seismic velocities and increased attenuation of seismic waves. The low-velocity zone usually begins at a depth of 60 to 80 km below the oceans and ends around 220 km (1) . Below continental shields, the upper boundary is depressed to 150 km. The seismic characteristics of the low-velocity zone could be easily explained by the presence of a small frac- (1, 2) . Some water is required to generate such a partial melt in the mantle, as mantle temperatures at the relevant depths are below the dry melting point of peridotite but above the water-saturated solidus (3, 4) . Originally, it was believed that the top of the low-velocity zone corresponds to the stability limit of hydrous phases such as phlogopite or hornblende (5, 6) . However, this is unlikely because the solubility of water (and of alkalis) in nominally anhydrous mantle minerals (7-9) is so high that separate hydrous phases such as amphiboles and phlogopite are not stable in an upper mantle of pyrolite composition.
If the low-velocity zone were due to partial melting, the existence of a lower boundary would be even more difficult to understand, as the geotherm remains above the water-saturated solidus with increasing depth. Moreover, it is unclear whether low degrees of partial melt in the mantle would form an intergranular film (10), as dry basaltic melts do not wet mantle minerals and therefore tend to form isolated pockets. Accordingly, alternative models have been proposed. These models (10, 11) are based on the observation that water dissolved in mantle minerals such as olivine reduces both the strength of the mineral and the seismic velocities. The boundary between lithosphere and asthenosphere may then correspond to a boundary in intracrystalline water content, with the asthenosphere being water-rich, whereas the oceanic lithosphere is depleted in water as a result of the melt extraction at mid-ocean ridges. The presence of partial melt in the asthenosphere is not required in these models. However, they cannot explain the existence of a low-velocity zone below continental shields, as the mechanism of magma production below continents is very different from that prevailing at mid-ocean ridges. . The two weak features between 2800 cm −1 and 3000 cm −1 could be due to organic surface contamination. However, they persisted after repolishing and they may therefore be intrinsic to the sample. Table 1 . Experimental results on water solubility in aluminum-saturated enstatite. All experiments were carried out using an oxide-hydroxide mixture as starting material, except as noted. Number of infrared measurements refers to the numbers of different spots measured, usually on different crystals. Water contents (in ppm by weight) were calculated from the infrared data according to two different extinction coefficients, from Bell et al. (13) and from Paterson (28) . Errors are one standard deviation. Water contents in atoms H per 10 6 Si can be obtained by multiplying by a factor of 22.3. All data reported here for a given pressure and temperature were included in the calibration of the thermodynamic model of water solubility. Solid phases detected refer to those phases that could be directly observed by x-ray diffraction or Raman spectroscopy. However, all the samples must have contained some aluminous phase, probably spinel or pyrope, as the aluminum content of the orthopyroxene was always several weight % lower than the aluminum content of the starting material. A fluid phase was always present during the experiments, as all samples released considerable amounts of water upon opening of the capsules. No evidence for melting was seen, as the run products were usually loose powders without interstitial glass. Some fluffy material and isolated glass beads probably represent material precipitated from the fluid upon quenching. En, enstatite; Sp, spinel; Ol, olivine; Prp, pyrope; Crn, corundum; Ky, kyanite; Sr, sapphirine; Prl, pyrophyllite. Al contents in enstatite were sometimes slightly inhomogeneous. The numbers and standard deviations given were usually derived from more than 100 individual analyses of different crystals in the charge. The molar Mg/Si ratio in all samples is equal to 1 within the error of the measurement. All models of the low-velocity zone depend on the presence of water and its solubility in mantle minerals. The main constituents of the upper mantle are olivine and orthopyroxene (enstatite). The water solubility in both olivine and Al-free orthopyroxene is quite comparable and increases with pressure and temperature (7) (8) (9) 12) . However, aluminum is known to greatly enhance water solubility in orthopyroxene, and at high Al contents, water in orthopyroxene may dominate the water budget in the mantle. Throughout Earth's upper mantle, olivine and orthopyroxene usually coexist with small amounts of an aluminous phase such as spinel or garnet. Therefore, we experimentally studied the solubility of water in aluminous MgSiO 3 enstatite in equilibrium with spinel or garnet (i.e., under conditions of aluminum saturation).
Experiments were carried out in an endloaded piston-cylinder apparatus. Mixtures of Mg(OH) 2 , Al(OH) 3 , and SiO 2 were sealed in platinum-rhodium (Pt 0.95 Rh 0.05 ) capsules together with about 20 weight % of liquid water. The stoichiometry of the starting mixture was chosen to correspond to aluminous orthopyroxene plus small amounts of olivine and spinel or garnet. In some experiments, homogeneous mixtures of the starting chemicals were used. In most experiments, however, alternating layers with low and high silica content were introduced into the capsule to reduce nucleation rates so as to grow larger crystals. In addition, some experiments were carried out with amorphous gels and liquid water as starting material. Experiments were run at 15 to 35 kbar and 800°t o 1100°C for a few days. After the experiments, the capsules were opened. Capsules that did not release excess water after the experiment were discarded. Perfectly clear and inclusion-free single crystals of orthopyroxene were picked from the charges, optically oriented, and doubly polished. Polarized infrared spectra (Fig. 1) were measured with a Bruker IFS 125 Fouriertransform infrared spectrometer coupled with an IRscope I microscope (tungsten source, CaF 2 beam splitter, narrow-band mercury cadmium telluride detector, Al strip polarizer on KRS 5 substrate). Water contents were calculated from the infrared data with the use of the extinction coefficients of Bell et al. (13) . Chemical analyses were carried out with a JEOL 8900 RL electron microprobe (15 kV, 15 nA, 120 s counting time per spot, focused beam).
The water contents in the aluminous pyroxenes are strikingly high, reaching values close to 1 weight % at low pressures and temperatures (Table 1 and Fig. 2 ). Water solubilities clearly decrease with both pressure and temperature, opposite to the behavior observed for olivine and Al-free enstatite. The high water solubilities are correlated with anomalously high Al contents in the pyroxenes, which are much higher than those predicted from existing thermodynamic models and experimental calibrations (14-16). However, in previous studies, only a few experiments were carried out at the low pressures and temperatures where we observe high Al and water contents, and the water fugacity was probably not carefully controlled in all experiments. The high water contents appear to be intrinsic to the pyroxenes. The presence of foreign phases in the crystals is unlikely, because the infrared bands are strongly polarized ( Fig. 1 ) and measurements were taken only on perfectly clear and optically inclusionfree crystals. To rule out any impurities at the submicroscopic level, we investigated several orthopyroxene crystals by transmission electron microscopy. The structure of the pyroxene crystals (Fig. 3) is undisturbed without any foreign phases or linear and planar defects. The high water contents are therefore definitively due to OH point defects in the structure.
Electron . Both substitutions appear to occur with roughly equal abundance; that is, Al is distributed about equally among tetrahedral and octahedral sites, irrespective of water content. Both substitution Fig. 2 . Polarized infrared spectra (electrical field vector E parallel to the crystallographic c axis) and total water contents of aluminum-saturated enstatite at 800°to 1100°C and 15 to 35 kbar. Numbers are average water contents derived from the bulk water contents of all samples synthesized at a given pressure and temperature; n is the number of measurements. Bulk water contents were calculated as explained in Fig. 1 . The water content of the sample synthesized at 25 kbar and 800°C, where only two crystals could be measured, is probably somewhat below the real water solubility under these conditions. mechanisms imply a molar 1:1 ratio between Al and H. This is consistent with the observation that the "excess" of aluminum in the orthopyroxenes relative to existing calibrations (14) (15) (16) roughly equals the water content, if both Al 2 O 3 and H 2 O are expressed in molar fractions. The substitution mechanism was confirmed by a single-crystal x-ray diffraction structure refinement of one aluminous pyroxene containing 7500 ppm (by weight) of water. The structure refinement yielded 5% vacancies on one of the Mg sites [M2 (17) . Structurally, the decrease in H and Al contents with increasing pressure results from the pressure destabilization of tetrahedral Al.
The systematic variations in water content with pressure and temperature observed in this study (Fig. 2) suggest that the water contents represent true equilibrium solubility. This is also supported by the observation that runs with different starting materials (oxide mixture and gels) yield similar results. To describe the water solubility in orthopyroxene coexisting with olivine and an aluminous phase as a function of pressure, temperature, and water fugacity, we calibrated a model that describes the water solubility in aluminous enstatite as the sum of the water solubility in Al-free enstatite and the water solubility coupled to aluminum. The water solubility in Al-free enstatite was previously calibrated (8, 9) and can be expressed as
where A = 0.01354 ppm/bar, f H2O is water fugacity [calculated using the equation of state of (18)], DH 1bar = -4563 J/mol, DV solid = 12.1 cm 3 /mol, R is the gas constant, P is pressure, and T is absolute temperature. The additional water solubility due to Al can then be described by
Note, however, that in Eq. 2 water fugacity enters as a square-root term (19) because the coupled substitution with Al yields isolated OH groups, unlike the OH pairs that result from the substitution of 2 H + for Mg 2+ in pure enstatite (8, 9) . A least-squares fit of all experimental data to Eq. /mol. The total water solubility in orthopyroxene coexisting with olivine and either spinel or pyrope can now be calculated at any pressure and temperature by adding the results from Eqs. 1 and 2. This is consistent with observations from previous studies that the water solubility coupled to Al and the water solubility in Al-free enstatite are due to different and independent defects, with the bulk water solubility being the sum of the individual defect solubilities (8, 20) . Only pressure and temperature are required to calculate the equilibrium water content in the Al-saturated orthopyroxene. This is because according to the phase rule, in a four-component system (MgO-Al 2 O 3 -SiO 2 -H 2 O) the coexistence of four phases (orthopyroxene, olivine, aluminous phase, and fluid) only leaves two degrees of freedom. Therefore, if pressure and temperature are given, all compositional variables in the system are determined.
Bulk mantle water solubility has a pronounced minimum (Fig. 4) between 150 and 200 km depth, coinciding with the location of the seismic low-velocity zone (shaded) below continental shields. The minimum is due to the sharp decrease of water solubility in aluminous orthopyroxene with temperature and also with pressure, whereas water solubility in olivine continuously increases with pressure and temperature (7, 12) . As shown in Fig. 4 , at a bulk water content of about 800 ppm, the mantle in the low-velocity zone would be oversaturated with water (i.e., the water activity would equal 1). However, as the geotherm at this depth is located above the water-saturated peridotite solidus (3, 4) of about 1000°C, a hydrous melt will form in the presence of sufficient amounts of water. Because the temperature of the geotherm is far above the water-saturated solidus under these conditions, a water activity around 0.1 is probably sufficient to induce melting (21) . This water activity would imply that a few hundred ppm of water are sufficient to generate a small fraction of hydrous melt in the asthenosphere. Such water contents are to be expected in the upper mantle (22) (23) (24) . If the same calculation is carried out for a hotter oceanic geotherm (Fig. 4,  right panel) , the upper boundary of the zone of minimum water solubility is lifted to a depth of only 60 to 80 km, consistent with the position of the low-velocity zone below oceans. Moreover, this behavior also provides a straightforward explanation for the seismic observation that the top of the low-velocity zone is very sharp and well defined, whereas the lower boundary is more diffuse and difficult to locate (2, 25) . As the water solubility in mantle minerals sharply increases with decreasing depth, the fraction of partial melt in equilibrium with these minerals will also sharply decrease at the asthenosphere-lithosphere boundary. On the other hand, toward the lower boundary of the asthenosphere, the decrease in Fig. 4 . Water solubility (in ppm by weight) in upper-mantle minerals as a function of depth for a typical continental shield and oceanic geotherm (26) . The typical position of the lowvelocity zone (LVZ) below continental shields and below oceans is shaded in gray. Water solubility in olivine is according to Kohlstedt et al. (7) . Water solubility in aluminum-saturated enstatite was calculated from Eqs. 1 and 2. Recently (27) , it was suggested that the infrared extinction coefficient of water in olivine may be considerably smaller than previously thought. If this new calibration were applied, the water solubility in olivine would increase by a factor of about 2.5. This would somewhat sharpen the minimum in the bulk water solubility curves shown above and move them to higher water contents. It would not, however, change the general shape of the curves or the position of the inferred boundaries of the asthenosphere. The effect of using different experimental data for water solubility in olivine as well as the effect of changing the ratio of orthopyroxene to olivine is further discussed in (21 January 22, 2007 www.sciencemag.org melt fraction will be more gradual, reflecting the gradual increase of water solubility in olivine and orthopyroxene.
Our results therefore support the concept that the low-velocity zone may be related to partial melting (1, 2, 6) . However, even in the absence of melting, the partitioning of water between olivine and orthopyroxene would strongly depend on depth. The high water solubilities in aluminous orthopyroxene at low pressure and temperature will effectively "dry out" olivine, and this may also contribute to a stiffening of the lithosphere. In any case, however, our results imply that the existence of an asthenosphere-and therefore of plate tectonics as we know it-is possible only in a planet with a water-bearing mantle.
A Semi-Empirical Approach to Projecting Future Sea-Level Rise

Stefan Rahmstorf
A semi-empirical relation is presented that connects global sea-level rise to global mean surface temperature. It is proposed that, for time scales relevant to anthropogenic warming, the rate of sea-level rise is roughly proportional to the magnitude of warming above the temperatures of the pre-Industrial Age. This holds to good approximation for temperature and sea-level changes during the 20th century, with a proportionality constant of 3.4 millimeters/year per°C. When applied to future warming scenarios of the Intergovernmental Panel on Climate Change, this relationship results in a projected sea-level rise in 2100 of 0.5 to 1.4 meters above the 1990 level. U nderstanding global sea-level changes is a difficult physical problem, because complex mechanisms with different time scales play a role (1), including thermal expansion of water due to the uptake and penetration of heat into the oceans, input of water into the ocean from glaciers and ice sheets, and changed water storage on land. Ice sheets have the largest potential effect, because their complete melting would result in a global sea-level rise of about 70 m. Yet their dynamics are poorly understood, and the key processes that control the response of ice flow to a warming climate are not included in current ice sheet models [for example, meltwater lubrication of the ice sheet bed (2) or increased ice stream flow after the removal of buttressing ice shelves (3)]. Large uncertainties exist even in the projection of thermal expansion, and estimates of the total volume of ice in mountain glaciers and ice caps that are remote from the continental ice sheets are uncertain by a factor of two (4) . Finally, there are as yet no published physically based projections of ice loss from glaciers and ice caps fringing Greenland and Antarctica.
For this reason, our capability for calculating future sea-level changes in response to a given surface warming scenario with present physicsbased models is very limited, and models are not able to fully reproduce the sea-level rise of recent decades. Rates of sea-level rise calculated with climate and ice sheet models are generally lower than observed rates. Since 1990, observed sea level has followed the uppermost uncertainty limit of the Intergovernmental Panel on Climate Change (IPCC) Third Assessment Report (TAR), which was constructed by assuming the highest emission scenario combined with the highest climate sensitivity and adding an ad hoc amount of sea-level rise for "ice sheet uncertainty" (1) .
While process-based physical models of sealevel rise are not yet mature, semi-empirical models can provide a pragmatic alternative to estimate the sea-level response. This is also the approach taken for predicting tides along coasts (for example, the well-known tide tables), where the driver (tidal forces) is known, but the calculation of the sea-level response from first principles is so complex that semi-empirical relationships perform better. Likewise, with current and future sea-level rise, the driver is known [global warming (1) ], but the computation of the link between the driver and the response from first principles remains elusive. Here, we will explore a semiempirical method for estimating sea-level rise.
As a driver, we will use the global average near-surface air temperature, which is the standard diagnostic used to describe global warming. Figure 1 shows a schematic response to a step-function increase in temperature, after climate and sea level parameters were at equilibrium. We expect sea level to rise as the ocean takes up heat and ice starts to melt, until (asymptotically) a new equilibrium sea level is reached. Paleoclimatic data suggest that changes in the final equilibrium level may be very large: Sea level at the Last Glacial Maximum, about 20,000 years ago, was 120 m lower than the current level, whereas global mean temperature was 4°to 7°C lower (5, 6) . Three million years ago, during the Pliocene, the average climate was about 2°to 3°C warmer and sea level was
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